Wave-front correction and focal spot improvement of femtosecond laser beams have been achieved, for the first time to our knowledge, with a deformable mirror with an on-line single-shot three-wave lateral shearing interferometer diagnostic. Wave-front distortions of a 100-fs laser that are due to third-order nonlinear effects have been compensated for. This technique, which permits correction in a straightforward process that requires no feedback loop, is also used on a 10-TW Ti:sapphire -Nd:phosphate glass laser in the subpicosecond regime. We also demonstrate that having a focal spot close to the diffraction limit does not constitute a good criterion for the quality of the laser in terms of peak intensity. © 1998 Optical Society of America OCIS codes: 160.0160, 320.0320, 320.7080.
The chirped pulse amplif ication (CPA) technique 1 has facilitated the development of ultrashort, highintensity pulsed lasers. For many applications of CPA lasers, such as development of ultrafast x-ray sources, electron acceleration, and relativistic plasma physics, experimentalists are interested in reaching the highest intensity focused on a target. 2, 3 Most efforts toward achieving these higher intensities have been concentrated on increasing the energy, reducing the pulse duration, and temporally cleaning the pulses from the CPA systems. Although they are often neglected, the wave-front distortions of the beam are also crucial elements that need to be considered in designing for optimum intensity. In fact, the wave fronts of multiterawatt lasers, because of nonlinear effects and diffraction on the elements used in the CPA system, suffer from distortions of as much as several wavelengths. 4 These distortions can significantly affect the spatial quality and thus the focusability of the beam, thereby severely reducing the attainable focused intensity. Furthermore in many experiments a spatially clean beam will prevent undesired effects from arising from the energy deposited outside the central focal spot. Correction of the wave front and better confinement of the energy are thus more costeffective solutions than adding one more amplifier stage to the laser chain. In this Letter we present and demonstrate a simple and reliable method for the correction of wave-front distortions of lasers beams that uses three-wave interferometry and deformable mirrors.
To quantify the peak focused intensity we use the normalized Strehl ratio, which is the ratio of the peak intensity at focus of a beam with a distorted wave front and a near-field intensity prof ile to that of the same intensity distribution with a f lat wave front. To measure wave-front distortion with good accuracy we use an achromatic three-wave lateral shearing interferometer, 5, 6 which has been shown to be particularly well suited to single-shot measurement of phase and intensity prof iles of femtosecond pulses. 4 Using the results obtained with this wave-front sensor, we can calculate the Strehl ratio and quantify accurately the loss in the peak intensity at focus. To correct the wave front we use one of two deformable mirrors with 19 and 37 actuators. These mirrors are originally f lat to within 0.05 mm (rms), but when a voltage is applied to one actuator the mirror is locally deformed; the overall deformation given by the whole set of actuators defines the new mirror shape. With these tools, a simple and straightforward process of correction is elaborated. All the measurements are made in the near f ield of the laser beam, where the deformable mirror is located (Fig. 1) , and the effect of each actuator on the wave front can be quantified and located precisely. First, we establish a map of the mirror by measuring the wave-front distortion created by each actuator individually. This mapping has to be done only once and can be processed with any collimated laser beam. The second step consists in the measurement of the distorted wave front that needs to be corrected (Fig. 1) . We then use this image of the distorted wave front to find the set of voltages to be applied to the actuators for the most efficient correction. The optimal mirror shape is found with a linear algebraic method, which consists in minimizing the amplitude of the wave front OPTICS LETTERS / Vol. 23, No. 13 / July 1, 1998 Fig. 1 . Experimental setup for measurement and correction of the wave front. The deformable mirror is imaged on the CCD, so the wave front is measured in this plane, which is considered to be the near f ield of the laser beam. A telescope made with two lenses ͑ f 1 , 1 m; f 2 , 25 cm͒ is used to create a Fourier plane. This plane is the far field of the laser beam, where a pinhole can be inserted to spatially clean the phase of the beam. ATWLSI; achromatic three-wave lateral shearing interferometer.
by projecting the image of the distorted wave front on the basis of the actuators. The displacements of the actuators are not independent from one another, and as we move one actuator a small displacement is created on its neighbors. This effect is taken into account when the system is solved. The main advantage of this method is that all the measurements are made on the wave front in the near f ield directly and not on the image of the focal spot, which is in the far field. That is why the wave front can be corrected in a single shot with a linear algebraic algorithm, which does not require any feedback loop. We present results obtained with this new method applied for two important cases: the correction of wave-front distortions that are due to the third-order nonlinear effect and the correction of terawatt-type system wave fronts.
At high intensity levels the third-order nonlinear effect can cause wave-front distortions in even a small amount of material and, thus, significantly decrease the peak intensity of the focal spot. To perform a demonstration experiment, we focus a 100-fs, 5-mJ pulse from a 780-nm, 10-Hz Ti:sapphire laser 7 through a 50-cm focal-length lens into a 1.33-cm-thick piece of glass inserted in the path of the beam to create some B-integral distortion. For correction we use a micromachined adaptive mirror 8 of 1-cm diameter controlled by 19 electrostrictive actuators. The measured distorted wave front is shown in Fig. 2(b) . These wave fronts are averaged over f ive shots at 10-Hz to decrease the inf luence of shot-to-shot f luctuation of the laser. As expected, this wave front is proportional to the intensity prof ile [ Fig. 2(a) ] with a peak value of 0.67l, which is equivalent to a B integral of 4.1. The Strehl ratio for this distortion is 57%. Figure 2(c) shows the phase compensation given by the adaptive mirror. This f igure is similar to that for the distorted wave front but is smoother because of the slow spatial variation of the actuators. Thus the final, measured corrected phase [ Fig. 2(d) ] prominently shows the fast-varying background. The amplitude is now 0.28l, and the Strehl ratio has increased to 88%. The focal intensity is 1.54 greater than without correction. Second, because third-order nonlinear effects are linearly dependent of the intensity, the B-integral wave-front correction for CPA lasers is limited by the stability of the laser output intensity. This correction that is based on an integrated measurement over the pulse duration cannot fit the B integral distortions, which are instantaneous, during the entire pulse.
The second experiment with this new technique is performed on the hybrid Ti:sapphire-Nd:phosphate glass laser, which delivers 450-fs pulses of energy up to 2.5 J. In this CPA system, in which the size of the output beam is 5 cm, distortions of the wave front easily reach an amplitude of l, even at low energy. In fact, good quality for optics of this size is expensive and difficult to obtain, a fact that further motivates us to correct the wave front with adaptive optics. To improve the focusability of the complete system we correct the wave front at the end of the laser chain at low energy. In this case we wanted to compensate for the distortions that are independent of the energy, such as those that occur in the optical compressor elements. For the correction we use a Xinetics mirror with 37 electrostrictive actuators and a diameter of 5 cm. To correct the wave front we compare the measured distorted wave front with a reference f lat wave front that we obtain by putting a pinhole in the Fourier plane. The goal of the correction is to set the voltages on the deformable mirror to yield a wave-front distribution as close as possible to that of the reference. The measured distorted wave front is shown in Fig. 3(a) (Phase A), and the corrected measured wave front is shown next to it on the same scale (Phase B). We improved the wave front by decreasing the distortions from 0.7l to 0.3l (peak-topeak value). The Strehl ratio was thus increased from 35% to 88%, or by a factor of 2.5. The computation of the far-f ield intensity distribution with the measured intensity and phase is represented in Fig. 3(a) : Phase A without correction, Phase B with correction, and Phase C with a f lat wave front (diffraction limited). The FWHM normalized to the diffraction-limited spot for each beam has also been calculated to show that a significant loss in the peak intensity at focus does not necessarily lead to a large broadening of the spot. In fact, the noncorrected wave front has a broadening of only 1.29 for a loss of the maximum focused intensity by a factor of 3.
The experimental results of measurements of the two focal spots are shown in Fig. 3(b) . These spots were measured at the focus of a 1-m focal-length lens in plane F of Fig. 1 . In Fig. 3(b) , spot A is the one without correction and spot B is the one with the applied voltages on the mirror that were found from the measurement of the wave front. The plots below spots A and B show line-outs of these spots. The results fit well with the previous calculations based on the wave-front measurements, and they clearly show an improvement of the focal spot intensity by a factor of 1.7. In fact, the small difference from the previous estimated result can be explained by the experimental setup: To measure the spot sizes we added an additional mirror, some density filters to attenuate the beam, and a microscope objective for the imaging. All these new elements introduce some distortions to the wave front, which were not taken into account during the correction process.
In summary, single-shot wave-front characterization of femtosecond laser beams by use of an achromatic three-wave lateral shearing interferometer ATWLSI and subsequent correction with an adaptive mirror has yielded significant improvement in the focusability of a 100-fs 780-nm beam distorted by nonlinear effects and also in a 450-fs 1053-nm terawatt-type system. The correction of the B integral with this on-line wavefront sensor promises to be interesting for many applications that are now limited by the B-integral wave-front distortion and self-focusing. Another application of this new system of wave-front correction, because of its straightforward process, is for multijoule terawatt laser systems to compensate for the distortions from the large optics and, eventually, for the thermal effect in glass amplif iers, which could allow the focused peak intensity of a system to be increased without increasing the energy. Furthermore, in many experiments a spatially clean beam will also prevent undesired effects that arise from energy deposited outside the central focal spot. The correction of the wave front by a deformable mirror permits both spatial cleaning of the beam and a sizable gain in the peak intensity on target. Finally, we show that using the close-to-diffraction-limited focal spot criterion to evaluate the quality of laser chain and focusing is misleading and does not represent well the actual Strehl ratio deterioration of severe wave-front distortion.
